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Shear-wave splitting measurements above the mantle wedge of the
Mariana1 and southern Andean2,3 subduction zones show trench-
parallel seismically fast directions close to the trench and abrupt
rotations to trench-perpendicular anisotropy in the back arc.
These patterns of seismic anisotropy may be caused by three-
dimensional flow associated with along-strike variations in slab
geometry1–5. The Mariana and Andean subduction systems are
associated with the largest along-strike variations of slab geometry
observed on Earth6,7 and are ideal for testing the link between slab
geometry and solid-state creep processes in the mantle. Here we
show, with fully three-dimensional non-newtonian subduction
zone models, that the strong curvature of the Mariana slab and
the transition to shallow slab dip in the Southern Andes give rise to
strong trench-parallel stretching in the warm-arc and warm-back-
arc mantle and to abrupt rotations in stretching directions that are
accompanied by strong trench-parallel stretching. These models
show that the patterns of shear-wave splitting observed in the
Mariana and southern Andean systems may be caused by signifi-
cant three-dimensional flow induced by along-strike variations in
slab geometry.
Shear-wave splitting occurs when shear waves propagate through
anisotropic material and split into two orthogonally polarized waves
that travel at different velocities5. This type of seismic anisotropy is a
straightforward indicator of elastic structure and provides informa-
tion about lattice preferred orientation and flow geometry within the
mantle5. The most commonly observed fabric in dry peridotite is
A-type, which causes alignment of the seismically fast splitting axis
with the maximum stretch direction or flow direction for simple
shear. Shear-wave splitting observations from most subduction
zones show complex patterns of seismic anisotropy that usually have
trench-parallel fast directions8. These observations are unexpected,
because models of two-dimensional wedge flow predict fast seismic
anisotropy parallel to plate motion (trench perpendicular)9. Possible
causes for trench-parallel anisotropy and abrupt rotations in fast direc-
tions in the mantle wedge of subduction zones include olivine fabric
transitions10–12, melt-related anisotropy13,14 and three-dimensional
flow with stretching-parallel olivine fabrics4. Three-dimensional flow
may be caused by small-scale convection15, oblique subduction16, dif-
ferential slab rollback17, trench-parallel motion of the overriding plate4,
and variations in slab geometry4,16. Testing the applicability of these
models to specific subduction systems will improve our ability to infer
flow geometry from seismic observations and provide better con-
straints on thermal structure and geochemical transport processes.
Whereas melt-related processes and olivine fabric transitions are
applicable to local regions of the mantle wedge8,12, three-dimensional
flow has the potential to explain the trench-parallel shear-wave split-
ting that is widespread in some subduction zones. Here we explore
the effects of slab geometry on deformation in the mantle wedge of
segments of the Mariana and Andean subduction systems. The mod-
elled segments show strong along-strike variation in slab curvature
(Mariana) and dip (Andes). Both geometrical changes induce along-
strike pressure changes that lead to significant three-dimensional
flow. Accurate modelling of the magnitude of the velocity and strain
geometry in the mantle wedge requires fully three-dimensional high-
resolution calculations with realistic stress- and temperature-
dependent rheology (see Methods Summary).
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Figure 1 | Observations and approximate slab
model of the Mariana subduction system.
Contours show the depth to slab at 50 km
intervals6. The hachured lines (solid black
triangles) indicate the trench and dip direction.
Dashed lines show the length scales of slab
curvature. The open arrow denotes the relative
convergence direction of the Pacific plate with
respect to the Philippine plate. a, Geometry of the
Mariana subduction system between 10u–25uN
(horizontal axis) and 135u–155uE (vertical axis).
Black double arrows show the pattern of
seismically fast directions associated with local-
shear-wave phases1. The positions of the
Holocene volcanoes (grey triangles) are from the
Smithsonian Institution, Global Volcanism
Program (http://www.volcano.si.edu).
b, Simplified slab model. Black solid lines denote
50-km slab contours, whereas the grey line
denotes the depth at which full viscous coupling
between the slab and mantle wedge starts.
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The characteristic amplitude and width of the curvature of the
Mariana slab are approximately 400 and 900 km, respectively6
(Fig. 1a). We construct a simplified model of the Mariana slab with
a constant slab dip of 60u in the convergence direction and describe
slab curvature with a harmonic function (Fig. 1b; Supplementary Fig.
1b). The magnitude of the trench-parallel velocity in the mantle
wedge increases towards the trench and reaches a maximum in the
arc mantle (Supplementary Fig. 2a and b). This is caused by the
strong curvature in the slab and gives rise to a radiating flow geo-
metry. Strong focusing of the flow occurs where curvature is largest,
owing to the local decrease in viscosity associated with the strain-
rate-dependent and temperature-dependent rheology.
Finite-strain calculations for the Mariana model show trench-
parallel stretching in the arc mantle and an abrupt change to
trench-perpendicular stretching in the back arc (Fig. 2). This region
of strong trench-parallel stretching is associated with the strongest
velocity gradients and is located between 80 and 150 km depth (Fig. 2a
and b). The maximum thickness is around 50 km, which is consistent
(assuming maximum fabric strength and a total intrinsic anisotropy
of around 6–7%; ref. 18) with a maximum delay time for split shear
waves of approximately 0.5–1 s. Recent local-shear-wave splitting
measurements above the mantle wedge of the Mariana subduction
zone show trench-parallel fast directions in the arc mantle, a rotation
to trench perpendicular in the back arc, and delay times of around 1 s
(ref. 1). The similarities between shear-wave splitting observations
(Fig. 1a) and calculated stretching patterns (Fig. 2c) suggest that
anisotropy in the Mariana wedge is controlled by three-dimensional
stretching induced by slab curvature.
In the Andean subduction system large variations in slab dip occur
near flat slab subduction6,7. For example, a transition from average
slab dip equal to 30u to less than 5u over 400 km is observed adjacent
to the flat slab in the Chile–Argentina region2,3,7 (Fig. 3a). We con-
struct an approximate model of the Chile–Argentina slab, using a
linear trench and a harmonic function that describe slab dip varia-
tions along strike (Fig. 3b; Supplementary Fig. 1c). For the Andean
model, average slab dip varies from 30u at X 5 400 km to 10u at
X 5 0 km, which is similar to the geometry of the Chile–Argentina
slab (Supplementary Fig. 3).
Our fluid dynamic model shows relatively low dynamic pressure
near the shallow dipping slab, which drives strong trench-parallel
flow (Supplementary Fig. 4). The calculated flow geometry consists
of flow lines that are parallel to the trench near the shallow dipping
slab and trench-perpendicular directly above the shallow dipping
slab. The magnitude of trench-parallel flow reaches a maximum close
to the convergence velocity in the region where the slab is at 75–
100 km depth (Supplementary Fig. 4c and d). Strong trench-parallel
focusing of flow occurs in the corner of the mantle wedge next to the
shallow dipping slab (Supplementary Fig. 4a). This flow geometry
leads to a complicated pattern of deformation with strong trench-
parallel stretching in the shallow mantle to the right (south) of the
shallow dipping segment. The stretching abruptly becomes trench-
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Figure 2 | Finite strain calculations from the
Mariana model. a, b, Averaged finite strain
calculations along vertical cross-sections. c, A
horizontal cross-section with the maximum
stretch directions plotted as thin short lines. The
stretching magnitude in the X-direction is shown
in a (colour scale) and is equal to the absolute
value of the convergence normal component of
the maximum stretch axis over the magnitude of
maximum stretch. When this quantity is equal to
one, the maximum stretch direction is in the
horizontal plane and parallel to the X-axis
(approximately convergence-normal). The
maximum elongation (colour scale) is shown in
b, where the region of maximum trench-parallel
stretching from a is indicated by the black dashed
ellipse. The heavy black arrows indicate the
splitting pattern that would follow from this
geometry of finite strain. The grey contour in
c denotes the depth of full mechanical coupling
between the slab and mantle wedge.
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Figure 3 | Observations and approximate slab
model of the Andean subduction system.
a, Dashed lines show contours (10 km contour
interval) of the subducting slab in the Northern
Chile region of the Andean subduction system7.
The grey shading in a indicates land. b, Simplified
slab geometry used in this study. The average slab
dip in a varies from less than 5u to 30u over
400 km. Bold arrows show the observed fast
splitting directions2,3. The slab geometry used in
the Andean model presented in this work (b) has
a similar variation in average slab dip (10u to 30u)
(Supplementary Fig. 1c). See Fig. 1 for further
details.
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A relatively thick layer of material with trench-parallel stretching
develops in the mantle wedge with strain magnitudes exceeding
300% (Fig. 4c).
Trench-parallel shear-wave splitting and a rotation to trench-
perpendicular splitting are observed with both teleseismic and
local-shear-wave phases in the Chile–Argentina region of the
Andean system2,3 (Fig. 3a). These observations suggest the presence
of strong trench-parallel stretching in the arc mantle, strong focusing
and stretching in the corner of the mantle wedge adjacent to the flat
slab, and a rapid rotation to trench-perpendicular stretching towards
the flat slab segment. This inferred pattern of deformation (Fig. 3a) is
strikingly similar to the pattern of stretching from the model pre-
sented here (Fig. 4a and b). This suggests that the strain field within
this portion of the Andean wedge is controlled by three-dimensional
variations in slab dip. Slab dip variations may also play an important
role in controlling seismic anisotropy in the mantle wedge next to the
flat slab of the Northern Andean Subduction system19, which is assoc-
iated with a similar transition to shallow dip, but over a distance of
900–1,000 km.
Three-dimensional flow plays an important role in a variety of
processes occurring in the subduction factory such as thermal struc-
ture, geochemical transport, and rock fabric development. The shear-
wave splitting observations and the calculations presented in this
work demonstrate that models of slab metamorphism, arc magma
production, and rock fabric development should consider three-
dimensional flow in systems with large variations in slab geometry.
We conclude that strong three-dimensional flow exists in the
Mariana and Andean subduction systems and that this flow signifi-
cantly affects the formation of seismic anisotropy in the mantle
wedge.
METHODS SUMMARY
Solid-state creep in the mantle wedge is driven by a kinematically prescribed slab
with along-strike variations of slab dip and trench-curvature defined by simple
functions20 (Supplementary Fig. 1). An experimentally based temperature- and
stress-dependent rheology is implemented in the viscous wedge21,22.
Temperature, velocity and dynamic pressure are obtained by numerically solving
equations that govern heat transport and fluid flow with the finite element
method. Large gradients in velocity and viscosity require the implementation
of a high-resolution mesh with strong local refinement in the corner of the
mantle wedge. Particle motion and finite strain are calculated using the
steady-state velocity field. Integrated maximum stretch directions are used as
proxy for olivine lattice preferred orientation and seismically fast directions in
the warm-arc and warm-back-arc mantle. This proxy provides a reasonable
approximation for olivine lattice-preferred-orientation development through-
out most of the mantle wedge for the cases considered in this study because
particles experience consistent velocity gradients as they travel through the
mantle wedge23,24.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Finite strain calculations from the
Andean model. a, b, Maps showing the
magnitude of trench-parallel stretching.
c, Maximum stretch axes. d, Vertical cross-
section of trench-parallel stretching at X 5 200
km for the Andean model. See Fig. 2 for details.
The magnitude of trench-parallel stretching is
shown only for particles that have undergone
greater than 50% elongation. This slab geometry
is associated with thick layers of material with
convergence-normal stretching in the arc and
back-arc mantle.
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METHODS
Model set-up. Our modelling approach closely follows the two-dimensional kin-
ematic-dynamic models of ref. 25 but modified for three dimensions20. The model
domain is a cartesian box (Supplementary Fig. 1) and is divided into four parts: (1)
a kinematic slab, (2) a 40-km-thick rigid overriding plate, (3) a rigid wedge corner,
and (4) a viscous mantle wedge (Supplementary Fig. 1). At the side boundaries
with constant x-coordinate we impose symmetry boundary conditions, which
imply zero normal velocity, zero heat flow and zero tangential stress. The effect
of symmetry boundary conditions on finite strain calculations was tested by sys-
tematically moving their locations. The symmetry boundary conditions used in
this work are adjusted so that they do not significantly affect finite strain calcula-
tions. The inflow and outflow boundaries are modelled as stress-free boundaries,
much as they were in ref. 25. The geometries used for the segments of the Mariana
and Andean subduction zones are shown in Supplementary Fig. 1b and c.
Thermomechanical model. Fluid flow in the mantle wedge is governed by the
conservation of momentum and mass for an incompressible infinite Prandtl
number fluid and is driven by velocity boundary conditions that are parallel to
the surface of the subducting slab. The magnitude of convergence velocity is set
equal to 5 cm yr21. We ignore local buoyancy effects in the wedge. We have found
that this approximation is appropriate for the employed dry rheological law based
on a comparison of two-dimensional models with buoyancy forces, because the
local Rayleigh number for secondary convection is near critical. Although we have
observed transient effects, the steady-state flow geometry associated with these
two-dimensional models is very similar to cases where flow is driven by the slab.
Recent studies show that the addition of large quantities of water (hydrogen point
defects) in localized regions15 and crustal foundering26 may give rise to small-scale
convection in the mantle wedge. However, it is difficult to determine the effects of
small-scale convection on fabric development from these studies because inte-
grated finite strain calculations were not performed.
A temperature- and stress-dependent rheology is implemented in the viscous
wedge. Specifically, we use the constitutive equation:
et,ij 5 Aexp(2E/RT)s
(n 2 1)sij
where et,ij are the components of the strain-rate tensor, sij are components of the
stress tensor, s is the second invariant of the stress tensor, T is the absolute
temperature, and R is the gas constant. We use A 5 10211.9 s21 Pa23,
E 5 510 kJ mol21 and n 5 3, consistent with experiments on natural olivine
aggregates21,22. We impose a viscosity cut-off of 1026 Pa s to simulate low-
temperature creep mechanisms that limit the magnitude of deviatoric stress.
Temperature is obtained by solving the time-dependent heat advection–
diffusion equation with constant thermal conductivity of 3 W mK21, heat capa-
city cp 5 1,250 J kg
21 K21 and density r 5 3,300 kg m23 for the entire domain.
The initial thermal condition is defined with a half-space cooling model with a
cooling age of 50 Myr. The model evolution is followed for 20 Myr of subduc-
tion. This duration of subduction is sufficient to reach steady state in the mantle
wedge. Within the final velocity field we compute particle motion and finite
strain using a fourth-order Runge–Kutta scheme. The initial position of tracers is
defined by a uniform grid with 5 km spacing. Tracers are also injected into the
base of the mantle wedge every 200,000 years. The computed finite strain is
interpolated back to the uniform three-dimensional grid. The two-dimensional
maps and cross-sections of finite strain (for example, Fig. 2a, b) are produced by
spatial averaging with an averaging radius of 10 km to mitigate effects due to
uneven particle coverage.
Numerical methods. The finite element package Sepran27 is used to discretize
equations on a grid composed of linear tetrahedra. Strong local refinement is
implemented in the corner of the wedge with a minimum resolution of 2 km
along vertical planes with constant x-coordinates. Minimum resolution in the
direction perpendicular to this plane is 5 km in the nose of the wedge to 10 km
away from the regions with strong boundary layers. The maximum size of ele-
ments is 15 km. The implicit Euler scheme is used for time integration with a
dimensional time step approximately equal to twice the Courant–Friedrichs–
Levy criterion.
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